Abstract: Experimental studies on gain and saturation of a Yb-doped double-cladding fiber amplifier accompanied with and interpreted by rigorous numerical simulations are presented. The saturation power, the value, and the spectral asymmetry of the output signal are experimentally characterized in both pulsed and continuous wave (CW) operation, and then, verified and interpreted numerically. Power conversion efficiency and quantum conversion efficiency of the amplifier are measured to be up to 55% and 58%, respectively. It is the first time, to the best of our knowledge, to demonstrate a numerical model for the pulsed operation based on the interaction of vector coupled nonlinear Schrodinger equations and the rate equations of the Yb-doped double-clad fiber taking into account all high-order dispersion parameters and the variation of gain coefficient during pulse propagation. A good agreement between numerical and experimental results is observed providing interpretations to the results. The numerical models and the experimental demonstrations provide guidance for the design and analysis of Yb-doped double-cladding fiber amplifiers both in pulsed and CW operation.
Introduction
Optical fiber amplifiers are widely used to boost the optical signal to a higher level through propagation in a pumped gain medium. The pump is used to create a population inversion in the upper energy levels that would participate in the signal amplification through stimulated emission of radiation. Single mode (SM) optical fiber amplifiers experience lower amplified spontaneous emission (ASE). However, SM fiber amplifiers need SM pump sources, and the signal amplification is limited to less than or around 1 W [1] . The limitation of the amplified signal power is due to many factors such as the limited power of SM pump sources, and the limited coupling efficiency of the pump power in the core area of the SM gain fiber. Even SM high power pumps, if they would exist in the future, might damage the small core cross-section area. Double-clad (DC) doped fibers have been developed to get rid of this problem and to boost the amplified signal power to a higher level beyond the limit of conventional SM optical fiber amplifiers [2] , [3] . The enhancement of amplification is twofold; first, available commercial multimode high power pump lasers are used in DC doped fibers. Second, the damage threshold significantly increases since the pump light propagates through the first clad cross-sectional area. However, the ASE has a stronger effect because of the multimode operation of DC doped fiber amplifiers. The ASE may reduce the signal to noise ratio (SNR) and gain saturation. Hence, the ASE limits the power conversion efficiency (PCE) and quantum conversion efficiency (QCE) [4] .
Many research groups have studied the limitations of DC fiber amplifiers in different conditions. Various models have been developed based on the rate equations to study the performance and dynamics of double cladding fiber amplifiers [5] - [7] , and to investigate the suppression of stimulated Brillouin scattering (SBS) [8] . Other models have been developed to predict the performance of Erbium and Ytterbium (Er/Yb) -doped optical fibers [1] and to study their dynamics [9] . Experimental demonstrations succeeded to achieve as high as 35% PCE in an Er/Yb dual doping fiber amplifier [10] . Optical fiber amplifiers could be used to amplify continuous wave (CW) or pulsed signals. In pulsed signal operation, the input pulse has to be chirped to avoid optical wave breaking during amplification due to accumulated nonlinearities. The pump signal could also be pulsed to minimize amplified spontaneous emission (ASE) [4] .
Ginzburg-Landau equation (GLE) is usually employed to model pulse propagation in fiber amplifiers [11] . The gain spectrum is usually modeled as a parabolic spectral filter [12] - [21] . Although GLE is widely used to model fiber amplifier, it cannot depict the effect of the change of the gain spectrum due to gain saturation during the pulse propagation. A numerical model based on iteratively solving the fiber amplifier dynamic rate equations and GLE was performed in [22] . That model assumes that the time period between two successive pulses is larger than the time required for the pulse to reach the end of the fiber amplifier. Another numerical model is based on jointly solving the fiber amplifier rate and propagation equations at steady state and the GLE. It succeeded to model high repetition-rate pulse propagation [23] . However, that model uses a scalar form of GLE that does not take into consideration the cross-phase modulation due to nonlinear polarization rotation through the fiber amplifier. Some other models take the variations of refractive index profile and distribution of active ions over the cross-section of the amplifier [24] . Another model based on a scalar NLSE coupled with gain phase is used to study the propagation of chirped pulse in gain medium [25] .
In this paper, the effects of the signal (CW and pulsed) and the pump power levels on the gain and the saturation of DC Yb-doped fiber amplifiers are demonstrated. Amplification of a multi-wavelength signal is elucidated. The asymmetrical spectrum of the amplifier output signal is studied. Numerical models have been developed to verify and interpret the experimental work. The rate and propagation equations of the DC Yb-doped amplifier are numerically solved together at steady state to simulate the CW propagation of single or multiple wavelengths around 1030 nm. The numerical model for the pulse propagation in the fiber amplifier is developed based on solving jointly the propagation equations and the coupled nonlinear Schrodinger equations (CNLSEs) using the parameters of the actual fiber amplifier. This model can be used in a mode-locked fiber laser employing nonlinear polarization rotation. Also, it could depict and interpret the effect of the gain spectral asymmetry on the pulse propagating in the fiber amplifier.
The paper is organized as follows, the experimental set-up is explained in Section 2, and the experimental results are discussed in Section 3. The numerical models for CW and pulsed operations are described in Section 4.1, while Section 4.2 shows the numerical results. The conclusion is presented in Section 5. It is coiled at a diameter of 6 cm to ensure that it remains single mode [26] . A double-clad multimode pump-signal combiner (DC-MPC) is used to feed the double-clad Yb-doped fiber (DC-Yb) with both signal and pump power. The other end of the DC-Yb is spliced to a passive DC-fiber of the same core radius. The other end of the passive DC-fiber is angled-cleaved to eliminate any back-reflection. The signal terminal of DC-MPC is connected either to a ring fiber laser source (FLS) or signal laser diode (S-LD) via an isolator (Iso.). FLS can work as a CW laser source or as a mode-locked laser generating 5 ps pulse width, up to 140 mW average power at 23 MHz repetition rate chirped pulses [19] , [27] . A high-power pump laser diode (P-LD) is used to pump the DC-Yb fiber.
Experimental Setup Description

Experimental Results
Laser Sources Characterization
The characterization of all the laser sources connected to the optical amplifier is an essential step before studying the DC-Yb fiber amplifier performance. The fiber laser source (FLS) can deliver up to 145 mW (in both pulsed and CW modes of operation), while the S-LD is used to deliver up to 375 mW. The P-LD is a wavelength stabilized laser source used to deliver power up to 2.5 W centered at a constant 976 nm wavelength.
There are no significant variations in the center wavelength of FLS observed in both the CW and the pulsed operation. The pulsed mode operation bandwidth of FLS increases up to 16 nm at 145 mW output power while, in the CW mode, the laser has a constant linewidth (0.5 nm) independent of its driving current (see Fig. 2 ). FLS is used to feed the signal terminal of DC-MPC. The amplifier is seeded either in pulsed mode or CW mode at values of signal power up to 145 mW. S-LD is not a wavelength-stabilized laser source. The drift of S-LD center wavelength beyond 220 mW output signal power is included in Fig. 3(a) . S-LD exhibits more than one longitudinal mode of operation (different wavlength) at different values of output power as shown in Fig. 3 
Amplifier Characterization
First, the DC-Yb fiber amplifier is seeded by a FLS in both CW and pulsed modes of operation. The variation of the output power of the DC-Yb fiber amplifier is plotted in Fig. 4 as a function of the input signal power. There is no significant difference observed between the output power in the case of pulsed or CW mode of operation. The amplifier does not differentiate between CW and pulsed operations because the pulse width (5 ps) is much smaller than the excitation state lifetime of the Yb ions (see Table 1 ). In the saturation region, the output power slightly increases by increasing the power of the input signal (see Fig. 4 ). Fig. 5 shows that the gain increases with the pump power. Power conversion efficiency (PCE), defined as the difference between the output and input signal power divided by the input pump power, is plotted in Fig. 6 (dotted-black) . PCE was about 55.2% at 2.5 W pump power and 144.5 mW input signal. Quantum conversion efficiency (QCE) is a wavelength-independent parameter and is defined as the ratio between the numbers of photons absorbed at a pump wavelength to that emitted at signal wavelength [14] . QCE is plotted in Fig. 6 (solid-black) and reached up to 58.2% at 2.5 W pump power and 144.5 mW input signal. Measured QCE of other input signal power levels up to 100 mW are almost the same as that plotted in Fig. 6 . The FLS was adjusted to work in the mode-locking region. The average input signal and pump powers are 144.5 mW and 2.5 W, respectively. The output spectral power density (SPD) of the mode-locked pulses from the FLS is shown in Fig. 7 (solid blue curve) . The edge-to-edge spectral width is 15 nm. It is an M-like shape spectrum, which is the signature of a dissipative soliton pulse in all-normal-dispersion mode-locked fiber laser [13] - [16] , [18] , [19] . The amplitude of the two peaks at the edge of the SPD of the pulses is quite equal. However, as shown in Fig. 7 (dashed black curve), the SPD of the pulses at the output of the DC-Yb amplifier looks different. The edge-to-edge SPD is increased to 23 nm due to the self-phase modulation. Also, the spectral profile becomes more asymmetric. It seems like the shorter wavelength range of the pulse SPD suffers from lower gain compared to the longer wavelength range. A more quantitative explanation will be presented in the numerical analysis section. Fig. 8 shows the variation of the output power with the input signal power when S-LD is connected to the input signal port of the DC-MPC. The output signal power is more affected by the pump power than the input signal power. The output signal power is neither affected by the wavelength drift nor the multimode operation of the S-LD (see Fig. 3 ). Fig. 9 shows the amplified SPD of the S-LD at the input signal power and pump power are 302 mW and 2.5 W, respectively. It is clear that the spectrum of the signal power is superimposed over the ASE spectrum. The signal level is around 50 dB from the peak level of the ASE spectrum.
Numerical Analysis
Numerical Models
A Yb-doped fiber can be modeled as a two-level gain medium [3] , 28]. If a homogenous broadening system is assumed, the rate equations of the upper population (N 2 ) and lower population (N 1 ) for k optical light beams, including the pump and signals wavelengths, are given by the following Fig. 9 . Experimental results of the SPD of the S-LD oscillating modes and the ASE spectrum at the output of the DC-Yb amplifier at 302 mW total input signal power and 2.5 W pump power.
equations [23] :
where h is Planck's constant, τ is the excited state lifetime, λ k is the wavelength of kth-light, and P k is the power of the kth-light. The absorption and emission cross-sections of the kth-light are σ a (λ k ) and σ e (λ k ), respectively. N T is the total doping concentration of the Yb 3+ -ions. k is the confinement factor of the kth-light, and A c is the core (doping) area.
In CW operation, the forward propagation equation for the kth-light along the Yb 3+ -doped fiber is given as:
where ϑ g is the group velocity, and λ is the noise bandwidth, in which its value is given as 0.1 nm.
In the above equations, the Yb 3+ ions are assumed to be uniformly distributed along the core of the fiber. The last term on the right-hand side of the (2) represents ASE. The position-dependent recovery time of the population inversion can be expressed as [23] :
So in general, the recovery time is always less than the excited state lifetime. The longest recovery time appearing on the pump-end position in the shown amplifier is 0.736 ms (i.e., the recovery rate is 1.36 kHz). Since the repetition rate of FLS in the mode-locked status is around 23 MHz (faster than the recovery rate). Therefore, the population inversion has the tendency to be in the steady state for both pulsed and CW input signals. Also, the time derivative in (2) is neglected [23] .
At steady state, (1a) and (1b) are solved together to give the upper population (N 2 ). It is given as:
Since the excited state lifetime of Yb 3+ ions (τ = 0.8 ms) is much longer than the pulse width of the mode-locked pulses (5 ps), the amplifier is saturated by the average power, not the peak power. Therefore, (2) at steady state and (4) are numerically solved together to get the evolution of the power of the average signal and pump light in continuous wave (CW) and pulsed operation [28] . This model is applied to the double-clad fiber characterized experimentally in the previous section. The Yb 3+ -doped fiber main parameters (shown in Table 1 ), and its absorption and emission cross sections (shown in Fig. 10 ) are uploaded in the numerical model [see (2) (3) (4) ] to determine the evolution of the pump light centered at 976 nm wavelength and signal light having a center wavelength spanning from 1027 nm to 1040 nm.
In pulsed operation, the pulse evolution through the DC-Yb amplifier is simulated by simultaneously solving the steady-state equation for the upper population carrier density (N2) [see (4) ], the propagation equation [see (2) ] and the coupled nonlinear Schrodinger equations (CNLSEs). They are given as [30] :
where u and v represent the two orthogonally polarized electric field envelopes, the z-axis denotes the propagation distance through the fiber, T is the retarded time, γ is the nonlinear parameter (γ = 6.2328 × 10 −4 m −1 W −1 ), A = 2/3, and B = 1/3 for silicate fibers, β l is the Taylor expansion of the mode propagation constant β(ω), and β is the linear birefringence of the fiber, which is related to the fiber beat length (L B ) by β = 2π/L B . The value of β is assumed to be zero. g is the saturated gain of the DC-Yb fiber.
The pulse propagation through the DC-Yb fiber is simulated using the following steps [23] . First, a chirped pulse was taken from the simulation results reported in [19] . This pulse was considered the seed at the input of the DC-Yb fiber. The SPD of the pulse was calculated and scaled to give the value of the average power at each frequency shifted the central frequency of the pulse. The value of the central frequency corresponds to the central wavelength 1029 nm extracted from the experimental results. The values of σ a (λ k ) and σ e (λ k ) were interpolated to match with the frequency step of the SPD of the pulse. The core and cladding refractive indices were calculated from the core NA, the Sellmeier equation of fused silica and the incremental change of the core refractive index due to the difference between the values of N 1 and N 2 . The value of β(ω) was calculated by solving the standard eigenvalue for a step-index fiber [30] , [31] .
At the beginning of the DC-Yb fiber, the doping impact on the values of the core refractive index is set to zero. The value of the signal confinement factor at each wavelength in the SPD of the pulse was calculated from the mode spatial distribution and β(ω). Then, the values of N 1 and N 2 were calculated for the value of pump power using Eq.'s (1.b) and (4) . The gain spectrum of the DC-Yb fiber was calculated at certain distance step z using (2) , given the values of N 1 , N 2 , σ a (λ) and σ e (λ). In contrast to [23] , the gain term is totally calculated in the frequency domain. Therefore, there is no need to calculate the saturation energy of the DC-Yb doped fiber. This allows observing the change of the gain spectrum during pulse evolution. The ASE term was neglected due to its minor contribution. The values of the gain spectrum and β(ω) were uploaded to the CNLSEs [see (5.a) and (5.b)]. These two equations were solved using fourth order Runge-Kutta split-step Fourier transform algorithm [32] . The gain and dispersion operators were solved in the frequency domain, while the nonlinear operator was solved in the time domain. The dispersion operator was calculated by subtracting values of the mode propagation constant and its first order derivative at the central frequency from β(ω), Then it replaced the infinite summation in Eq.'s (5a) and (5b).
Once the pulse temporal and spectral profile was calculated at distance z in the DC-Yb fiber, the new value of the core refractive index was calculated, given the previous calculation of N 1 and N 2 . The new value of β(ω) was then calculated to get the new values of the core confinement factor, which were used to get the new values of N 1 and N 2 . The new values of the gain spectrum and β(ω) were then uploaded to the CNLSEs to get the temporal and the spectral profiles of the pulse at distance 2 z. The process was repeated till the end of the DC-Yb fiber.
Numerical Results
For the case of input laser signal at 1027 nm, which is the output of the FLS in the CW mode, the variation of the output signal power with the input signal power at different values of the pump power is plotted in Fig. 4(a) . There is an agreement between the simulations and experimental results.
The uncertainty values of the transitions cross sections, and the carrier concentration is the main sources of the discrepancy between the simulated and experimental results. Nevertheless, the average percentage error between both results at input signal power 144.5 mW is around 12.5%. Fig. 5(a) shows the dependence of the amplifier gain on pump power at different values of input signal power. The center wavelength of the signal light is at 1027 nm like the case of FLS. There is a very good agreement between the simulation and experimental results. As shown in both results, the gain increases with increasing the pump power and decreases with increasing the input signal power.
For the pulsed mode of operation, Fig. 4(b) shows the simulation results of the change of the average signal power of the pulse at the output of the DC-Yb with the input average signal power at different values of pump power. As mentioned for the CW case, the fair agreement between the simulation and the experimental results shown is observed. The gain of the amplifier is plotted in Fig. 5(b) for different values of input average signal power as a function of the input pump power. A very good agreement between the simulation and the experimental results can be observed.
The simulation results for the SPD of the u-and v-components of the pulses at the input and the output of the amplifier are plotted in Fig. 11(b) and (b) , respectively. The u-component of the input pulse has M-shaped SPD, while the v-component has structures at the edges and rounded top at the middle. The simulation results of the SPD of the total field are plotted in Fig. 11(c) . The input average signal power and pump power were selected at the same values in the experimental results. As observed in the experimental results (see Fig. 7 ), the edge-to-edge bandwidth of the total field is increased from 10 nm to 17 nm. The SPDs of the u-, v-components and total field of the pulses at the output of the DC-Yb fiber show the same asymmetric behavior as seen in Fig. 7 . The SPD of the u-component of the output pulse has no longer M-shape. The SPDs of the u-and v-components of the output pulse have structures at the high wavelength edge. Although, the emission cross section of the DC-Yb fiber is symmetric around 1029 nm, as shown in Fig. 10 , the absorption cross section does not have the same trend. It decreases with increasing the wavelength. This means that the gain spectrum calculated from (2) is not symmetric around the central wavelength of the pulse (1029 nm). As the pulse evolves through the DC-Yb fiber, the gain spectrum is saturated.
Assuming a homogenously broadened two-level system, the DC-Yb will deliver a lower gain coefficient to the blue range of the SPD than that to its red range (see Fig. 12 ). The asymmetry of the gain spectrum increases with the pulse propagation due to the reduction of the upper population level (N 2 ). Also as shown in Fig. 13 , the fiber dispersion is not the same along the propagation distance of the DC-Yb doped fiber because of the contribution of the population levels to the value of the core refractive index. For the case of S-LD, the experimental data of the lasing wavelength and power value of each oscillating mode is uploaded to the simulation model to give the value of the amplified signal power at each mode at the end of the DC-Yb fiber. All the values of the output signal power at all oscillating modes and the ASE power are added together to get the total output power. Fig. 8 shows the change of total power with the input signal power. These results are in a very good agreement with the experimental results. Furthermore, small ripples appear at input signal power beyond 250 mW, where the laser diode shows multimode operation. The amplified SPD of the oscillating modes of the S-LD and the ASE spectrum at the output of the DC-Yb fiber are plotted in Fig. 14 . The total input signal power and the pump power are 302 mW and 2.5 W, respectively. The laser diode has three oscillating modes (see Figs. 3 and 9) . The noise floor of the S-LD is taken from the experimental measurement into account in the numerical model. The central oscillating mode is around 45 dB from the peak level of the ASE. In comparison to SPD in Fig. 9 , one can see that the SNR in the simulation results is close to the experimental measurements.
Conclusion
In conclusion, experimental demonstrations on the characterization of a Yb-doped double-cladding fiber amplifier pumped by a 976 nm high power multimode CW laser source is presented. Asymmetrical spectrum in the output signal is observed due to the asymmetry of the absorption cross section despite the symmetry of the emission cross-section around signal wavelength (1030 nm) of the gain medium. A comparison between pulsed, and CW amplifying signals show that the gain and saturation is independent of the mode of operation (picosecond pulsed or CW operation) and dependent mainly on the pump power. The independence of the fiber amplifier on the mode of operation is due to the long recovery time of the Yb-doped fiber amplifier carriers with respect to the picosecond pulse width. A longitudinal-multimode CW signal laser source has been used to study the effect of the multi amplified signals operation on the amplifier output. Since the different modes of S-LD were close to each other, no significant variations have been observed experimentally. However some ripples are numerically observed in the total output power of the amplifier. The asymmetrical spectral behavior of the amplifier output signal, the quantitative comparison between CW and pulsed operation gain, and multi-wavelength amplifying signals effects are reported for the first time in double cladding Yb-doped fiber amplifiers to the best of our knowledge. Numerical models are implemented to simulate the amplifier operation in both CW and pulsed operation and to verify and interpret the experimental measurements. The numerical model for the CW operation takes into account the multimode nature of the input signal (equivalent to more than one amplified signal). The numerical model for pulsed operation takes into account all dispersion orders and the actual saturated gain calculated from the population inversions and cross-sectional areas of the doped fiber. Adding these effects in both CW and pulsed operation was done for the first time in the context of DC Yb-doped amplifiers and was critical to the agreement between experimental and simulation results. As a result of this study, the saturation of the high power optical fiber amplifier is mainly controlled by the pump power, especially for double clad fiber amplifiers. The asymmetry in the output signal results from the asymmetry of the absorption or emission cross sections around the signal wavelength.
